Objective: To investigate the effects of ischaemic postconditioning on brain injury and mitochondria in focal ischaemia and reperfusion, in rats. Methods: Adult male Wistar rats (n ¼ 15 per group) underwent sham surgery, ischaemia (2-h middle cerebral artery occlusion), or ischaemia followed by ischaemic postconditioning (three cycles of 30 s reperfusion/30 s reocclusion). Brain infarction size, neurological function, mitochondrial reactive oxygen species (ROS) production, mitochondrial membrane potential and mitochondrial swelling were evaluated 24 h postsurgery. Results: Infarct size was significantly smaller, and neurological function was significantly better, in the ischaemic postconditioning group than in the ischaemia group. Ischaemia resulted in significant increases in mitochondrial ROS production and swelling, and a reduction in mitochondrial membrane potential, all of which were significantly reversed by postconditioning. Conclusions: The protective role of ischaemic postconditioning in focal ischaemia/reperfusion may be due to decreased mitochondrial ROS production, reduced mitochondrial membrane potential and suppressed mitochondria swelling. Mitochondria are potential targets for new therapies to prevent brain damage caused by ischaemia and reperfusion.
Introduction
Cerebral damage due to reperfusion following ischaemia is critical in the prognosis of revascularization of occluded blood vessels. 1 Animal experiments have demonstrated that many factors are involved in the pathological course of cerebral damage caused by ischaemia and reperfusion, such as endoplasmic reticulum stress and protein aggregation. 2, 3 Antioxidants have been shown to have therapeutic effects on ischaemia/reperfusion brain injury, suggesting that oxidative stress has an active role in modulating neuronal destiny. [4] [5] [6] In addition, other neurological disorders (including neurodegenerative diseases and traumatic brain injury) are related to oxidative stress. 7, 8 The crucial feature of oxidative stress is overproduction of reactive oxygen species (ROS) resulting from disruption to the equilibrium between ROS formation and clearance. 9 ROS cause damage to the lipid and protein constituents of neuronal membranes, 10, 11 and activate signalling pathways associated with cell death. 12 Mitochondria are thought to be the major source of ROS in neurons 13 and these oxidants are known to be mediators of molecular signalling in the mitochondria-dependent cell death pathway. 14 Cerebral ischaemia and reperfusion lead to mitochondrial dysfunction, which plays an important role in neuronal injury. 15 Maintaining mitochondrial function might therefore be a potential strategy for protection against cerebral damage caused by ischaemia/reperfusion. Ischaemic postconditioning is a series of rapid, intermittent interruptions of blood flow in the early phase of reperfusion that mechanically alters the hydrodynamics of reperfusion. 16 Experimental and clinical studies have indicated the protective effects of postconditioning in ischaemia/reperfusion injury. [17] [18] [19] [20] [21] This protection is not only associated with inhibition of inflammation and apoptosis, 22, 23 but also with attenuation of oxidative stress. 3, 24 The aim of the present study was to use a rat model of ischaemia/ reperfusion injury to evaluate the effects of ischaemic postconditioning on mitochondrial ROS production, in order to determine whether its inhibitory effects on oxidative stress are mediated via the mitochondrial pathway, since the golgi apparatus is also a source of ROS. 25 
Materials and methods Animals
Adult male Wistar rats (n ¼ 45; weighing 280-300 g; aged 7-8 weeks) supplied by the Experimental Animal Centre, Jilin University, Changchun, China, were housed in a temperature-controlled room (22-25 C) on a 12-h light/dark cycle with free access to food and water. All animal procedures were approved by the Ethics Committee for Animal Experiments, Jilin University. All possible measures were taken to reduce animal suffering and the number of animals in this study, according to the Guide for the Care and Use of Laboratory Animals. 26 
Study design
At the start of the study, rats were assigned to one of three groups using a computergenerated randomization schedule: sham operated group; ischaemia group; ischaemic postconditioning group (n ¼ 15 per group). Animals in the ischaemia and ischaemic postconditioning groups were subjected to 2 h of ischaemia (described below). Rats in the ischaemic postconditioning group underwent three cycles of 30 s reperfusion/ 30 s reocclusion after ischaemia. Animals in the sham group were subjected to the same surgical procedure as described below, without middle cerebral artery occlusion (MCAO).
Surgical procedure
Brain ischaemia was induced via the MCAO model, as described. 27 Following an overnight fast, anaesthesia was induced with 300 mg/kg chloral hydrate, administered via intraperitoneal injection. A rectal probe was inserted and each animal's core temperature was maintained at 37 AE 0.5 C with a heating pad and lamp. The right common carotid artery (CCA), internal carotid artery and external carotid artery were exposed, and the external carotid artery was ligated proximal to the origin of any branches, such as the occipital artery. The proximal CCA then was ligated and temporarily closed proximal to the carotid bifurcation, using a microvascular clip. A small incision was made into the CCA. The occlusion filament was inserted into the internal carotid artery through the CCA, 19-21 mm distal from the bifurcation, to occlude the origin of the MCA. The filament comprised monofilament fishing line covered with a distal cylinder of silicone rubber (diameter 0.31-0.32 mm). After MCAO, animals were allowed to awaken and resume spontaneous breathing. The filament was withdrawn 2 h after induction of ischaemia. After surgery, animals were placed into a cage to recover from the anaesthesia at room temperature and were allowed food and drink.
Infarct measurement
At 24 h after reperfusion, five rats from each group were chosen randomly by investigators who were blinded to group allocation; they were killed by pentobarbital overdose via intraperitoneal injection and their brains were rapidly removed. Infarct sizes were measured by staining with 2,3,5-triphenyl-2H-tetrazolium chloride (TTC; Sigma-Aldrich, St Louis, MO, USA). Brains were cut into 2-mm thick coronal sections in a cutting block and stained with 1% TTC solution for 30 min at 37 C, followed by overnight immersion in 4% paraformaldehyde. The percentage of brain infarct was measured by normalizing to the total brain volume of the animals, as described previously. 27 
Neurological assessment
Neurological examination of five rats from each group was performed by an investigator blinded to the study groups, 24 h after surgery, according to the following scoring system: 0 (no apparent deficits); 1 (contralateral forelimb flexion when suspended by the tail); 2 (decreased grip of the contralateral forelimb while tail pulled); 3 (spontaneous movement in all directions; contralateral circling only if pulled by the tail), 4 (spontaneous contralateral circling); 5 (death after recovery from anaesthesia). 28 
Isolation of mitochondria
At 24 h postsurgery, brain nonsynaptic mitochondria were isolated from five animals in each group by Percoll Õ gradient centrifugation, as described previously. 29, 30 Rats were euthanized by pentobarbital overdose via intraperitoneal injection, then perfused transcardially with 100 ml ice-cold phosphate-buffered saline (PBS; 0.1 M, pH 7.4). The dorsolateral neocortical tissue was dissected and homogenized in icecold homogenization buffer (25 mmol/l HEPES pH 7.4, 250 mmol/l sucrose, 4 mmol/l magnesium chloride, 0.05 mmol/l ethylene glycol tetra-acetic acid) in a Potter Teflon Õ -glass homogenizer.
The homogenate was centrifuged at 400 g for 5 min at room temperature (which was the temperature for all centrifugations) and the supernatant was collected. The sediment was rehomogenized, centrifuged at 400 g for 5 min, and pooled supernatants were then centrifuged at 12 000 g for 10 min. The resulting sediment was resuspended in homogenization buffer (1 ml/g of original wet tissue).
The suspension was then layered onto a onestep Percoll Õ gradient (8 ml of 16% Percoll Õ ; 0.25 mol/l sucrose) and centrifuged at 15 000 g for 20 min. The final sediment was resuspended in homogenization buffer supplemented with 0.25% BSA and stored on ice. Protein concentration was determined using a Quick Start TM Bradford Protein Assay Kit (Bio-Rad, Hercules, CA, USA).
Mitochondrial ROS production
As described previously, 31 dichlorohydrofluorescein diacetate (DCFDA) was used to measure the production of ROS within mitochondria. Mitochondria (0.4 mg/ml) were incubated with 2 mmol/l DCFDA at 25 C for 20 min. DCF fluorescence was determined at 485 nm for excitation and 530 nm for emission, and ROS levels were expressed as arbitrary units of fluorescence intensity, normalized to levels in the sham group. 31 
Mitochondrial membrane potential
Mitochondrial membrane potential was measured using rhodamine 123 staining. 32 Rhodamine 123 is a highly specific fluorescent dye for mitochondria, the intake of which depends on mitochondrial membrane potential. Mitochondrial protein suspension (10 mg) was added to 2.5 ml of reaction buffer (15 mM sucrose, 5 mmol/l magnesium chloride, 5 mmol/l sodium succinate, 2.5 mmol/l otenone, 20 mmol/l HEPES, pH 7.4), and 40 ml of rhodamine 123 at 26 mmol/l was added and incubated for 5 min at room temperature. Mitochondria were then pelleted by centrifugation 10000 g for 10 min and the fluorescence of the supernatant was read with a spectrophotometer (excitation wavelength 503 nm; emission wavelength 527 nm). The optical density of rhodamine 123 staining is inversely proportional to the mitochondrial membrane potential.
Mitochondrial swelling
Mitochondrial swelling was measured as described previously. 32 Briefly, 200 ml of isotonic buffer (5 mmol/l monopotassium phosphate, 250 mmol/l sucrose, 3 mmol/l succinic acid disodium salt, pH 7.2) was added to mitochondria (50 mg protein) at 30 C for 5 min. Absorbance at 520 nm was measured, with a lower absorbance value indicating increased mitochondrial swelling.
Statistical analyses
All data were expressed as mean AE SD and analysed with SPSS Õ statistical software, version 17.0 (SPSS Inc., Chicago, IL, USA) for Windows Õ . Student's t-test was used for statistical comparisons between the different groups. A P-value < 0.05 was considered to be statistically significant.
Results
Brain ischaemia via MCAO induced infarct in all rats in the ischaemia and postconditioning groups. Infarct size and neurological scores were significantly lower in the ischaemic postconditioning group than in the ischaemia group (P < 0.01 for both comparisons; Table 1 ). Levels of mitochondrial ROS formation were significantly higher in the ischaemia group than in the sham group at 24 h post surgery (P < 0.01; Table 1 ), and this increase was significantly reversed by ischaemic postconditioning (P < 0.05 versus ischaemia group; Table 1 ).
Ischaemia was associated with a significant decrease in mitochondrial membrane potential (increase in optical density) compared with the sham group (P < 0.01; Table 1 ) 24 h post surgery. Ischaemic postconditioning significantly abrogated this effect (P < 0.01 versus ischaemia group; Table 1 ).
Mitochondrial membrane swelling was significantly higher in the ischaemia group than the sham group (P < 0.01; Table 1 ): an effect that was significantly reversed by postconditioning (P < 0.01 versus ischaemia group; Table 1 ).
Discussion
The present study showed that three cycles of 30 s reperfusion/30 s reocclusion was an effective ischaemic postconditioning procedure that decreased brain infarct volume and elevated neurological scores in rats. In addition, ischaemic postconditioning effectively inhibited mitochondrial ROS production, elevated mitochondrial membrane potential and maintained mitochondrial swelling. These mitochondrial changes may underlie the protective effects of ischaemic postconditioning on brain damage and neurological dysfunction caused by ischaemia/ reperfusion. Ischaemic postconditioning has been shown to be protective against ischaemic injury in organs including the brain, liver and intestine. 3, 33, 34 The underlying mechanism was related to multiple factors including suppression of oxidative stress, activation of signalling pathways, regulation of enzyme activity, inhibition of endoplasmic stress 19, [35] [36] [37] [38] [39] and effective regulation of cerebral blood flow to the ischaemic region. Since both mitochondria and the golgi apparatus are thought to be responsible for generating reactive oxygen species, 25 it is necessary to elucidate which organelle is involved in the inhibition of oxidative stress by ischaemic postconditioning. The present study therefore focused on mitochondrial changes caused by ischaemic postconditioning.
Mitochondria are both a source and a target of intracellular ROS. 40 ROS are generated via a series of redox reductions in the mitochondrial matrix. 41 Mitochondria are easily damaged by ROS, as they are made up of inner and outer membrane structures that contain liquids and proteins that are prone to ROS attack. 42 In contrast to other studies that have indicated that ischaemic postconditioning attenuates oxidative stress, 19, 20 the current study specifically examined the production of ROS within mitochondria. Levels of Table 1 . Brain infarct size, neurological score, mitochondrial reactive oxygen species (ROS) production, mitochondrial membrane potential and mitochondrial swelling in male Wistar rats 24 h after sham surgery, ischaemia (2-h middle cerebral artery occlusion), or ischaemia followed by ischaemic postconditioning (three cycles of 30 s reperfusion/30 s reocclusion). mitochondrial ROS in the ischaemic postconditioning group in the present study were significantly lower than those in the ischaemia group, suggesting that ischaemic postconditioning may have protective effects on mitochondria.
Mitochondrial manganese superoxide dismutase (MnSOD) is an endogenous mitochondrial redox enzyme for clearing superoxide, which is the precursor of ROS. Decreased MnSOD activity has been found to exacerbate glutamate toxicity in cultured mouse cortical neurons, 43 and MnSOD mimics could prevent neural apoptosis and reduce ischaemic brain injury by maintaining mitochondrial function. 44 Mitochondrial MnSOD therefore plays a crucial role in maintaining the function of mitochondria. It is possible that the protective effect of ischaemic postconditioning may be mediated via modulation of MnSOD, reducing the increase in mitochondrial ROS caused by cerebral ischaemia/reperfusion. Ischaemic postconditioning has been shown to modulate MnSOD levels, but increased MnSOD was associated with reduced neuronal viability. 45 Further studies are therefore necessary to elucidate the mechanisms of ROS reduction by ischaemic postconditioning.
Mitochondrial ROS formation and mitochondrial membrane potential are indicators of the performance of the electron transport chain. 40, 41 Mitochondrial membrane potential contributes to establish a proton gradient across the inner mitochondrial membrane, which provides the driving force that actuates ATP-synthase to generate high-energy phosphate. 46 As the primary organelle for energy generation, mitochondria are highly susceptible to cerebral insult, given the high metabolic rate of the brain and its dependency on extracellular nutrient sources. In vitro and in vivo studies have shown that loss of the extracellular glucose supply leads to a decline in mitochondrial membrane potential, 46, 47 indicating that ischaemia both depletes the materials necessary to produce energy and damages the electron transport chain. In the present study, ischaemic postconditioning reversed the reduction in mitochondrial membrane potential caused by ischaemia/reperfusion. This is consistent with the current finding that ischaemic postconditioning decreased mitochondrial ROS formation, as both of these parameters reflect the condition of the electron transport chain. Others have shown that chemicals with protective effects on cerebral injury reverse damage to mitochondrial membrane potential. 5, 6 It is possible that the protective effect of ischaemic postconditioning is also related to improvements in mitochondrial membrane potential.
Mitochondrial swelling is a common ultrastructural change seen in histopathological studies describing mitochondria after ischaemia. 43, 44 Mitochondrial swelling was shown to begin at the start of cerebral ischaemia and was exaggerated by subsequent reperfusion, reaching its peak after 24 h of reperfusion. 48 Transmission electron microscopy studies found that damaged mitochondria exhibited severe collapse in both the inner and outer membranes after 24 h reperfusion following 2 h of ischaemia, and exhibited irregular shape, electronlucent matrix, fragmented cristae, and extreme dilation of the intracristal space. 48 In contrast, the present study found that ischaemic postconditioning significantly attenuated mitochondria swelling induced by lethal ischaemia and reperfusion. Mitochondrial swelling is related to the opening of the mitochondrial permeability transition pore, 49 with calcium ion (Ca 2þ ) concentration being proportional to the extent of pore opening. 50, 51 Overload of Ca 2þ is a pathological characteristic of ischaemia/reperfusion. 52 Ischaemic postconditioning has been shown to limit Ca 2þ overload via modulating the NCX3 isoform of the sodium/calcium ion (Na þ /Ca 2þ ) exchanger. 53 Opening of the mitochondrial permeability transition pore in liver cells was inhibited by delayed ischaemic postconditioning. 49 It is possible that the reduction in mitochondrial swelling may be due to a lowering of cytosolic Ca 2þ concentrations and inhibition of the opening of mitochondrial permeability transition pore.
Human studies have shown that ischaemic postconditioning can also effectively regulate blood flow, recover organ function and inhibit oxidative stress. 18, 21 Ischaemic postconditioning could be performed in patients with ischaemic stroke by inflating or deflating a balloon at the end of interventional thrombolysis, to block the recovered blood flow at intervals to the ischaemic brain region. This is a potentially simple and easily performed procedure, but its feasibility and safety remain to be demonstrated in clinical practice.
In conclusion, the present study showed that ischaemic postconditioning significantly reduces cerebral infarct size and improves neurological dysfunction caused by focal ischaemia/reperfusion in rats. This protective effect is closely associated with a reduction in mitochondrial ROS formation, an elevation of mitochondrial membrane potential and an attenuation of mitochondrial swelling. Mitochondria are potential targets for new therapies to prevent brain damage caused by ischaemia and reperfusion.
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